Abstract-Use of companding for peak-to-average-power ratio (PAPR) control is explored for a link involving a nonlinear transmit power amplifier with orthogonal frequency division multiplexing (OFDM). Specifically, the objective of the study was to determine if companding using -law compression/expansion at the transmitter/receiver, respectively, provides end-to-end performance gains relative to a system without companding. We consider the use of companding to ameliorate the impact of nonlinearities in the transmit amplifier. In the absence of companding, transmitter operation near saturation raises the signal level at the receiver but, because of the nonlinearities in the amplifier response, also results in distortion that impacts overall link performance. As the transmit power is backed-off from saturation, amplifier distortion is reduced, but error components due to lower SNR at the receiver become more significant. When companding is introduced in the system, the system is able to operate closer to saturation without substantial transmit distortion. However, requisite expansion of the compressed signal at the receiver yields noise amplification which can counteract any of the performance gains that would otherwise accrue from the increased SNR at the receiver. At issue is whether or not operating conditions exist (e.g., backoff, SNR, amplifier linearity model, etc) for which companding enhances the end-to-end performance relative to the link performance without companding. System simulation models were employed using Rapp's nonlinear power amplification models, where average symbol distance errors were used as performance metrics. We found that companding can provide very modest performance gains in comparison to systems that do not employ companding. Performance trends were corroborated in a hardware testbed with an amplifier chain, where average bit error rates were experimentally determined.
I. INTRODUCTION
O RTHOGONAL frequency division multiplexing (OFDM) is a firmly established air interface for fixed wireless, WLAN, and mobile wireless applications. Because OFDM is a multicarrier waveform, it may exhibit large peak-to-average power ratios (PAPR), which can result in saturation of the amplifier or alternatively encourage use of large back-offs that impact power efficiency and subsequently SNR at the receiver. Hence, methods to reduce PAPR are of interest, since they potentially can yield performance gains in these systems. Various PAPR reduction techniques have been proposed [4] - [9] , [14] - [21] , including techniques based on companding [4] - [9] , [20] , [21] . This paper investigates -law companding and its impact on link performance in the presence of both high PAPR signals, nonlinear power amplification, amplifier backoff, and noise enhancement.
To improve link performance with any given amplifier, one potential strategy is to increase the transmit power, shifting the operating point toward amplifier saturation. However, while this increases the signal power at the receive end of the link, signals undergo distortion in the nonlinear operating region of the amplifier [1] , and this impairment is aggravated for high PAPR-signals. The nonlinear amplifier distortion translates to spectral regrowth and to a subsequent increase in BER, potentially offsetting any performance gains derived from the increased received signal power level. The transmit power can be decreased by backing-off the operating point from saturation to reduce the amplifier distortion, but this is done at the expense of reducing the achieved signal-to-noise power ratio (SNR) at the receiver. Armada and Garcia [3] have suggested a practical way of specifying the optimal operating point for OFDM in the presence of nonlinear amplifiers. Their heuristic approach involves setting the backoff such that the spectral regrowth shoulders are 20 dB below the in-band signal level. In [2] , backoffs of 8 dB are considered for the IEEE802.16.3c standard.
There is a design tradeoff in defining a useful operating point, and this will depend upon the characteristics of the power amplifier. PAPR reduction techniques may permit the transmitter to operate closer to saturation without substantially increasing signal distortion caused by the nonlinear amplifier. In this work, we explore a simple PAPR reduction approach based on -law companding. Companding is known to reduce the PAPR ratio of OFDM signals [4] - [9] . Hence, it would potentially allow transmission of the companded signal at a reduced backoff level (i.e., closer to saturation) for a comparable level of amplifier distortion, thus resulting in higher signal power and improved performance at the receiver.
There are some potential drawbacks to adopting signal compression techniques. One drawback is that signal compression results in spectral regrowth, a form of signal distortion similar to that which occurs with signal limiting (e.g. such as with hard-limiters). Filtering could be applied following compression to contain the spectral regrowth, but at the expense of increasing the PAPR [10] . Another undesired effect of u-law companding techniques, perhaps of greater concern, involves the requisite expansion of the compressed signal at the receiver, a process which amplifies receiver noise [4] - [8] .
One of the first papers to deal with companding for PAPR reduction of OFDM signals was the work of Wang and his colleagues [4] - [6] . In their analysis, -law companding was em- companding proved to be beneficial in high SNR cases (e.g., dB). When amplifier distortion is considered in an end-to-end systems model, we find that companding offers modest performance improvements with appropriate selection of and the amplifier backoff level, even at lower SNR.
In [7] , Wang et al. also investigated OFDM systems with A-Law companding and determined optimal A-law companding coefficients for different OFDM DFT sizes. In later work, Huang et al. [8] , [9] investigated companding transforms, which combined advantages of both clipping and companding. Compared with conventional companding techniques, the transform was found to reduce PAPR more effectively. More recent investigations of companding have included studies exploring exponential companding [21] and a novel companding function by Jiang [19] .
We consider the end-to-end performance of an OFDM link with and without companding and conduct analysis tradeoffs for system parameters including , power amplifier nonlinear distortion, power amplifier backoff, and received signal-to-noise-ratio. Such interdependencies between PAPR reduction techniques, power amplification characteristics, and noise amplification help to motivate this study, since an understanding of these provide a springboard for legitimizing the consideration of companding as a viable PAPR reduction technique for improving link performance in the presence of amplifier distortion.
II. SYSTEM DESCRIPTION
The system that is analyzed in this work involves an OFDM air interface with system functions and impairments as illustrated in Fig. 1 . The transmitter section maps a random data bit sequence, , into a sequence of QAM symbols, . The QAM symbols are partitioned into N-length blocks and modulated onto the subcarriers of an OFDM modulator via the inverse Discrete Fourier Transform (IDFT). After guard interval insertion, the resulting OFDM signal is integrated into a frame that includes a preamble and training sequences for synchronization and channel estimation, respectively. Prior to transmission, the signal is companded with a -law compander, and then scaled for power normalization. The scaled, companded signal is then passed through the transmit amplifier, which distorts the signal according to nonlinear solid state power amplifier models [9] .
Following transmission, the signal is corrupted with additive white Gaussian noise. Processing within the receiver includes synchronization, channel estimation and compensation, -law expansion, and OFDM demodulation. The resulting QAM symbols are then compared with the transmitted QAM symbols to form an error metric for performance comparisons. Error metrics used in this study include the average symbol error distance, which is used in the simulations to identify performance trends, and bit error rates in hardware testing to corroborate the observed trends.
The salient features of the signal and impairment models associated with this system are described in greater detail in the remainder of this section.
A. OFDM Signal Model
The nominal system considered in this study employs -point OFDM symbols with 52 data carrying subchannels. Let the random complex data QAM symbols be denoted as . Following [10] , we oversample each OFDM block by employing a higher-length DFT with a zero-padded version of the original input signal. Oversampling is employed to address aliasing problems associated with clipping noise, which would fall in-band without oversampling. Using an oversampling rate of in both the simulations and the hardware testing, the oversampled OFDM signal samples are given by (1) where (2) The scale factor in (1) is included for power normalization. 
B. Companding Transform
Our strategy in this work involves applying -law companding at the transmitter to reduce the PAPR of the transmitted waveform so as to reduce distortion through the transmit amplifier and allow operation closer to amplifier saturation. Values of ranging between 0.125 and 64 were used in the study since the optimal performance was found to reside within this range of operation.
Let be the baseband OFDM signal associated with the data symbol. In the case of -law companding for a selected , the compressed OFDM signal, , is formed as (3) where (4) and where is a normalization constant such that the average power of the companded signal is equal to the average power of the uncompanded signal. A proposed approximation for is [5] 
However, this approximation is not highly accurate, and in practice, would lead to unnecessary degradation in the demodulation performance. To mitigate errors introduced by normalization inaccuracies, numerically-determined values of K(u) were computed and employed instead, where long-term power averages of both uncompanded and companded OFDM symbols were numerically estimated to find . The resulting values are plotted in Fig. 2 along side the approximation in (5) .
An example of a time-domain signal associated with a data symbol before and after companding (with ) is shown in Fig. 3 , where the companded signal is scaled to yield an average power equal to the uncompanded signal. The net result is that companding increases the low-level signal components and reduces the high-level signal components. In the figure, the solid line corresponds to the uncompanded signal, and the dashed line corresponds to the companded signal.
Average PAPR associated with the companded signals were also computed as a function of the companding parameters, and are presented in Table I . For the data symbols, which utilize 52 subcarriers, the use of companding reduces the PAPR by as much as 4 dB for the values of shown in the table.
C. HPA Nonlinear Models
The framed packet is then passed through a nonlinear power amplifier model. In this study, a memoryless power amplifier response model [11] is incorporated and the overall link performance is evaluated as a function of the companding parameter, the backoff, and the link SNR. We do this in simulation and then corroborate observed trends in experiments using a software radio testbed.
Representing the complex envelope of the input signal into the amplifier as (6) the transmitted signal at the output of the amplifier may be expressed as [11] - [13] ( 7) where a is the small signal amplification, A is the saturation output amplitude, and p is a positive number to control the nonlinear characteristics of the power amplifier model. In this work, parameter values and are employed. Backoff values are modeled through adjustments in a, and ranged from 0 dB (no backoff) to 10 dB in the study. To demonstrate the impact that nonlinearities have on symbol errors, received symbol constellations are shown in Fig. 4 for infinite SNR with for backoffs of 5, 10,15, and 20 dB. Fig. 5 shows typical constellations that result for different companding values when the backoff is 5 dB, , and the SNR is infinite. The results clearly demonstrate dependence in the error with changes in u. Hence, companding is seen to reduce the distortion from the nonlinear amplifier. But use of companding also results in noise amplification when the expansion transform is employed at the receiver. Fig. 6 illustrates this effect for the case when dB and a backof of 10 dB is employed. The results show that as the companding parameter is increased, the induced symbol noise also increases. 
D. Receiver Processing
At the receive end, ideal acquisition and tracking are assumed, including ideal sample and symbol synchronization, and perfect frequency estimation. An AWGN channel is assumed, and the noise level is set so that the full-power bandwidth-matched SNR at the receiver (when the transmitter operates at saturation) is either 15, 20, 25, or 30 dB. The sampled received signal is then represented as (8) where is the impulse response of the channel. We assume an all-pass channel, with (9) so that (10) The received signal is scaled by and the resulting signal is expanded according to the -law expansion transform. The signal at the output of the expansion transformation is (11) The expanded symbol is passed through a serial-to-parallel processor and the resulting blocks are processed through a DFT (with appropriate scaling) to yield (12) Channel compensation is applied to obtain the recovered QAM symbols (prior to slicing), and these are demodulated to obtain the recovered bit sequence . Based on these recovered symbols and bits, error metrics are computed for simulation and hardware testing. The error metric used in simulations is the mean symbol error distance (14) This is computed with and without companding for different transmit amplifier backoffs and nominal SNR values to readily identify performance trends. The error metric employed in hardware testing is the bit error rate. (15) which is computed for different SNR, backoff values and companding parameter values.
III. SIMULATION RESULTS
The symbol distance error metric with and without companding are presented in Figs. 7through 9 below for SNR's of 25 dB, 30 dB, 35 dB, and 40 dB. In each figure, the abscissa represents , and the ordinate represents the backoff value in db. Constant error contours are shown, where the contours correspond to the error values associated with each backoff when companding is not used (i.e., when ). For low backoff values, the transmit power is highest, but the performance at the receiver exhibits high error rates due to amplifier nonlinearities. The error rate falls as the backoff decreases but then climbs as the error rates begin to be dominated by low SNR at the receiver.
Each plot clearly shows a region for which operation will provide improved performance over a system without companding. Note that improvements are possible for the range of SNR considered. However, the improvements are generally modest, and reflect an improvement less than roughly 0.5 dB.
IV. HARDWARE TESTING
We implemented an OFDM link in a hardware testbed, depicted in Fig. 10 . Tests included the transmission and reception of over 5 Mbits of data in 25 000 packets, where each packet consisted of a preamble and two training symbols followed by a single OFDM data symbol. The preamble was used for symbol synchronization, and the training symbols for channel estimation. Ideal sampling clock synchronization was achieved in the test bed through use of an external synchronization source provided by an Agilent E4433B ESG-D Series Signal Generator. The transmitted packets each included a single OFDM data symbol to preclude the need for pilot symbols and frequency and/or channel tracking. Significant signal impairments were hence limited to receiver noise, impairments introduced by the transmit amplifier, and to noise amplification introduced by -law expansion at the receiver. The DFT size (256-pt DFT with 64 data subcarriers) in conjunction with zero padding, corresponded to an implementation with 4-times oversampling.
The setup for testing also included a second Agilent E4433B signal generator that was used to generate AWGN. The AWGN waveform was configured with the same channel bandwidth and frequency as the OFDM signal, and the power was set to obtain signal-to-noise ratio of 25 dB relative to the transmit signal at saturation. The OFDM signal was generated with Pentek 6229 D/A boards and passed through an amplifier circuit. In order to obtain nonlinear characteristics in the input/output power response, a Mini-Circuits ZFL-500 and a ZFL-500HLN were connected in series, where the achieved nonlinearity is due to operation of the second amplifier near saturation.
Tests were performed to determine symbol error rates with and without companding and with backoff levels from 0 to 10 dB. A single test consisted of the transfer of 25 000 OFDM data symbols with 16-QAM symbols loaded on the subcarriers (representing 5.2 Mbits). The data were generated with a pseudorandom sequence generator using the Matlab function 'srand' with a controlled seed so that the data could be reproduced for comparison purposes later. After the data symbols were received and demodulated, the resulting data values were passed via an FPDP I/O link to a PC in order to compute the bit error rates for each test. Since the data were produced with a seeded pseudorandom number generator, the values were easily regenerated for comparison to compute the bit error rate for each test run. The testbed implemented the -law transforms and tests were performed using values for that included 0, 0.125, 0.25, 0.5, 1, 2, 4, and 8.
The results from the hardware testing, shown in Table II , reflect similar trends that were observed in the simulation study. Namely, companding provides modest gains in performance at backoff levels slightly less than or equal to the backoff providing best performance when companding is not used. For the particular amplifier set-up used in the tests, performance gains are achieved at the same backoff that optimizes performance without companding, and companding values of 0.125 and 0.5 yielded gains over the noncompanded case. These realized performance gains come at a price of increased computational load at both the transmitter and the receiver.
V. CONCLUSION
We have investigated the link performance of OFDM with companding as a PAPR mitigation strategy. Impairments from nonlinear distortion at the transmitter, AWGN noise from the channel, and noise amplification due to the expansion transform at the receiver were considered. Simulation and hardware testing were employed to investigate performance trends as a function of companding parameters, amplifier nonlinearities, backoff, and SNR. The simulation tests utilized a symbol error distance metric, while hardware testing utilized bit error metrics. The results from the study show that at low backoffs, impairments from nonlinear amplification can be significant. Increasing the compression (via the companding parameter, ) reduces the nonlinear distortion and suggests that moving the operating point toward saturation might be beneficial. However, increasing the companding parameter also leads to noise amplification during expansion at the receiver, which potentially can largely negate any performance gains that would otherwise accrue from higher values of u. Thus, the companding parameter and backoff should be chosen to balance these competing effects. In simulation analyses it was found that a system incorporating companding can yield improved performance over a system that does not employ companding. However, the performance gains are modest (around 0.5 dB) and add processing complexity at both the transmit and receive ends of the link.
These results are also consistent with the performance trends presented in [20] , [21] . Namely, for high values of , the performance of the system without companding outperforms the system with companding. However, as we have seen, with an appropriate choice of and amplifier backoff, the companding system can outperform a system without companding. The same may hold for other companding approaches, such as those proposed in [20] , [21] .
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